SUMMARY The effect of exercise-induced myocardial ischemia on cardiopulmonary blood volume was evaluated in patients with coronary artery disease during upright exercise stress testing. Regional pulmonary and cardiac blood volumes were monitored with a multicrystal positron camera positioned over the chest during maximal exercise on a bicycle ergometer. Inhaled carbon monoxide (< 10 ppm) labeled with cyclotronproduced carbon-il ("C) (half-life 20.3 minutes) was used to label the blood with "IC-carboxyhemoglobin. Regional "'C activity was measured over the heart and lungs during rest, exercise and recovery periods, and blood volume was calculated from regional "IC activity compared with the specific activity of a reference venous blood specimen. For patients developing angina pectoris and electrocardiographic ST-segment depression (ischemic group, n = 9), blood volume increased 18.7 ± 6.3% (SEM) (p < 0.01) over the upper lung fields and 15.4 ± 6.8% (p < 0.05) over the lower lung fields at peak exercise. Conversely, for patients without angina or ST-segment depression at peak exercise (nonischemic group, n = 7), the regional pulmonary blood volume was unchanged over both upper and lower lung fields. The cardiac blood volume rose 6.1 ± 2.6% (p < 0.05) for the former group of patients and declined 10.6 ± 5.7% (p < 0.05) for the latter group at peak exercise. Coronary arteriography revealed double-or triple-vessel coronary disease in all patients in the ischemic group and normal coronary arteries or single-vessel disease in the nonischemic group. These data indicate that an ischemic response to exercise stress testing is associated with a transient rise in pulmonary and cardiac blood volume, which may be due to ischemia-induced left ventricular dysfunction.
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DECREASED MYOCARDIAL perfusion causes reduced contraction of the left ventricle within seconds after the onset of ischemia.1 2 Exercise-and pacing-induced angina pectoris are associated with the prompt development of regional left ventricular asynergy,3, 4reduced left ventricular ejection fraction,' elevated left ventricular end-diastolic pressure,68 reduced left ventricular compliance9' 10 and a fall in cardiac output."
The sudden rise in left ventricular end-diastolic and pulmonary venous pressures is reflected as a rise in pulmonary capillary wedge pressure.12 13 This elevation should result in a corresponding pressure increase in pulmonary blood volume. Previous attempts to determine the effect of angina pectoris on pulmonary blood volume have been limited by the lack of noninvasive techniques for continuously monitoring this parameter. The most widely applied technique for measuring pulmonary blood volume is the indicator-dilution method, which requires transseptal catheterization and is limited to intermittent measurements during supine exercise. '4 We have explored a noninvasive radionuclide approach for serial measurement of regional pulmonary blood volume in patients during upright exercise:
Tracer quantities of "IC-carbon monoxide ("CO) are administered by inhalation for labeling blood with "IC-carboxyhemoglobin ("CO-Hb). The purpose of this investigation was to measure acute changes in pulmonary and cardiac blood volume during rest, exercise and recovery periods in patients with possible coronary heart disease and to correlate these changes with angiographic and electrocardiographic data. We anticipated that transient depression of left ventricular function during exercise-induced ischemia would result in a transient rise in pulmonary blood volume.
Methods

Patient Selection
Sixteen patients referred for coronary arteriography for evaluation of chest pain were studied during exercise stress testing. The subjects included 15 men and one woman, ages 37-63 years (mean 50 ± 1.8 years). Each patient had undergone diagnostic cardiac catheterization and coronary arteriography within 2 months previously. Patients with unstable angina, recent myocardial infarction, chronic pulmonary disease, or any physical disability impairing exercise were excluded from the study. Informed consent was obtained from each subject before study.
Each patient underwent maximal exercise testing on a bicycle ergometer after several hours of fasting. The patient's medical regimen was not altered for the purposes of the study. Graded, continuous exercise was performed with the patient seated upright on a constant-load bicycle ergometer, calibrated in kiloponds. The work load was increased 150 kilopond-meters (kpm) /min every 3 minutes. The ECG was monitored continuously with a V, chest lead, and the blood pressure and electrocardiographic leads II, III, aVF and V5 were recorded each minute. With the appearance of angina pectoris, ST-segment depression > 2 mm, ventricular arrhythmia, or marked fatigue or dyspnea, the exercise load was reduced by abruptly reducing the work load on the bicycle ergometer. The patient was instructed to continue cycling at the same speed for approximately 1 more minute before stopping.
Serial scintigraphic measurements of "IC activity over the patient's lung fields were made with a multicrystal positron camera'5 during rest, exercise and recovery ( fig. 1 ). The patient was imaged between the two detector heads of the camera, each containing 127 Nal (T1) crystals over an area 27 X 30 cm, positioned over the chest. The detector heads were covered with 4-inch foam rubber cushioning and were compressed against the patient's chest wall, effectively reducing chest motion during exercise.
"CO-Hb Blood Labeling
In recent experimental animal studies, "CO (halflife 20.3 minutes) has been shown to be an effective radionuclide label for scintigraphic quantification of pulmonary blood volume in isolated, perfused lung preparations. '6' 17 Given by inhalation to patients, "CO has been used for measuring blood volume'8 and total hemoglobin'9 and for placental imaging20 and cardiac blood pool imaging.2' The measured biological half-life of "CO-Hb in human subjects is 161 minutes.'8 The average fractional loss rate is 0.0039 ± 0.00 11 min', and the effective half-life is 18.03 minutes.'8 The total body absorbed radiation dose after inhalation of 5 mCi of "CO is 55 mrad, and the calculated radiation dose to the lungs is 196 mrad. 18 In the present study, "CO was produced in a medical cyclotron by bombarding an isotopically enriched "°B2 160, target with a 7-meV, 50-mA deuteron beam.22 For patient use, the "CO was diluted with room air, resulting in less than 10 ppm molecular carbon monoxide. Five mCi of this "iCO-air mixture contained in a 5-liter anesthesia bag was administered to the patient by inhalation through a mouthpiece. Each patient inhaled the "CO mixture for approximately I minute until > 20,000 counts/second was recorded over the patient's chest with the positron camera. Before positron imaging, 5-7 minutes were allowed for equilibration of "IC activity measured over the chest. Time-activity curves were measured over the thorax of a subject at rest for 20 minutes during and after inhalation of 5 mCi of "CO ( fig. 2) Minutes Post "C-Carbon Monoxdie Inhalation FIGURE 2. Regional time-activity curves recorded over the left lung of a subject at rest after "C-carbon monoxide ("1CO) inhalation. Within 5 minutes after "CO inhalation, "IC-carboxyhemoglobin activity measured over the chest has reached equilibrium and remains constant, after correction for physical decay and biological clearance. cpm = counts/minute. a 12-ml venous blood sample was obtained from each patient and counted between the detector heads of the positron camera to determine the specific activity of the "CO-Hb in the blood. Because elevated carboxyhemoglobin levels have a detrimental effect on left ventricular function in patients with coronary heart disease23 and reduce exercise capacity of patients with angina pectoriS,24 we were careful to administer only trace quantities of molecular carbon monoxide to each patient. The molecular content of the "CO was less than 10 ppm by gas chromatography, and the gas was inhaled for less than 1 minute. This concentration of carbon monoxide is less than the concentration inhaled during cigarette smoking25 or exposure to heavy freeway traffic.26
Positron Scintigraphy Positron images were collected continuously for 20 minutes during "CO inhalation (< 1 minute), during equilibrium (5-7 minutes), exercise (3-9 minutes), and recovery (3-5 minutes). Collection time for each image was 30 seconds, and chest images were constructed from coincident data with the positron camera, as previously described.15 27 Regional "IC activity was measured for each 30-second interval over regions of interest applied to the heart and upper and lower fields of each lung. The regional count rates were corrected for physical decay, biological clearance and chest wall attenuation. Radiation absorbed by the chest wall was corrected from the ratio of regional counts collected during transmission imaging for 300 seconds with a gallium-68 (half-life 68 minutes) plane source compared with regional counts collected during flood source imaging with the same positron source.
Quantitative Treatment of Data Corrected regional count rates were then converted to regional blood volumes from the specific activity of the "CO-Hb in the blood as measured from the venous blood specimen. Regional pulmonary blood volume was expressed as milliliters of blood/cm2 of chest wall area, by dividing the regional blood volume by the area of the region of interest. These regional values of blood volume/cm2 of chest wall area were plotted for each subject during rest, exercise, and recovery, at 1-minute intervals. The pulmonary blood volume was not expressed in absolute volumes because of the undetermined quantity of blood in the chest wall and anatomic superimposition of the structures of the heart, lungs and great vessels. Finally, all regional pulmonary blood volume values were corrected for body surface area to permit comparison of values between subjects. Similar indices of regional blood volume measured over the cardiac region were also calculated for each patient. The reproducibility of the regional pulmonary blood volume measurements was determined from triplicate measurements obtained during the rest periods. The mean coefficients of variation calculated for each of the 16 The effect of exercise on total cardiac blood volume was determined by serially measuring 11CO-Hb activity over the cardiac blood pool during rest, exercise and recovery. In group 1 at peak exercise, the cardiac blood volume rose 6.1 ± 2.6% (p < 0.05) above preexercise rest levels, and declined 10.6 + 5.7% (p < 0.05) below resting levels in group 2 ( fig. 10) . This difference in percentage change between the two groups was statistically significant (p < 0.01). Representative enlargement of the cardiac blood pool during exercise-induced angina pectoris is illustrated for a patient in group 1 in figure 8 . For both groups of patients, the cardiac blood volume promptly declined after discontinuation of the exercise work load, with a further decline after discontinuation of cycling ( fig.   10 ).
Discussion
The results of the present study indicate that an acute rise in pulmonary blood volume accompanies Few studies on the effect of upright exercise on pulmonary blood volume in normal subjects have been reported, and the results have conflicted. 43 In the present study, pulmonary blood volume did not change significantly during exercise in the group of patients without exercise-induced myocardial ischemia. An increase in pulmonary blood volume might be anticipated due to distension and recruitment of pulmonary capillaries resulting from the large increase in total pulmonary flow that occurs during vigorous exercise. However, Glazier et al. 44 showed that pulmonary capillary distension and recruitment result primarily from elevation of pulmonary arterial and pulmonary venous pressures. 45 Since neither pulmonary artery pressure nor pulmonary venous pressure rise significantly in normal subjects during exercise,48 49 the total pulmonary blood volume would be unchanged. Conversely, coronary patients may experience elevation of both pulmonary arterial pressure and pulmonary venous pressure during exerciseinduced myocardial ischemia,13 which may account for the acute rise in pulmonary blood volume observed in the present study during myocardial ischemia.
The radionuclide technique developed in the present investigation provides several advantages for noninvasive measurement of changes in cardiopulmonary blood volume. "CO effectively labels the blood pool with "CO-Hb and is conveniently administered by inhalation. Positron imaging with a multicrystal camera permits uniform detection of 'IC activity over a large field with a relatively high sensitivity, and allows quantitation of regional activity in comparison to an external reference source, since coincident detection of positron annihilation emission between two opposing detectors is independent of spatial geometry."5 In addition, correction of regional attentuation of radiation by the chest wall may be corrected by transmission imaging with a positron plane source. Finally, serial positron imaging can be performed sequentially at short intervals for evaluation of acute changes in pulmonary blood volume resulting from hemodynamic alterations.
In summary, this investigation shows that exerciseinduced myocardial ischemia is associated with transient elevation of pulmonary blood volume and cardiac blood pool volume, which decline promptly to resting levels during the recovery after exercise. In a group of patients without evidence of ischemia during exercise, pulmonary blood volume was unchanged during vigorous muscular exercise and cardiac blood pool volumes diminished. The acute rise in cardiopulmonary blood volume observed in this study is probably due to ischemia-induced left ventricular dysfunction and may be an early manifestation of myocardial ischemia.
